In the present work, combustion instabilities of a modular combustor are investigated. The combustor operates with partially premixed, swirl-stabilized flames and can be operated in single-and different multiple-burner setups. The design parameters of the combustor prevent large-scale flame-flame interactions in the multiple-burner arrangements. The objective is to investigate how the interaction of the swirl jets affects the thermoacoustic stability of the combustor. Results of measurements of pressure oscillations and high-speed OH*-chemiluminescence imaging for the single-burner setup and two multiple-burner setups are discussed. Additionally, results of investigations with different flame characteristics are presented. These are achieved by varying the ratio of the mass flow rates through the swirlers of the doubleconcentric swirl nozzle. Several unstable modes with high pressure amplitudes are observed in the single-burner setup as well as in the multiple-burner setups. Numerical studies of the acoustic behavior of the combustor setups were performed that indicate that the different geometries show similar acoustic behaviors. The results lead to the conclusion that the interaction of the swirl jets in the multiple-burner setups affects the thermoacoustic response spectrum of the flame even in the absence of large-scale flame-flame interactions. Based on the findings in earlier studies, it is concluded that the differences in the flame response characteristics are induced by the reduction of the swirl intensity in the multiple-burner arrangements, which is caused by the exchange of momentum between the adjacent swirl jets.
Introduction
The investigation of combustion instabilities has been and is still an important target of scientific research. Instabilities generate high-pressure oscillations and can cause serious damage to combustors. Especially swirl-stabilized flames are prone to combustion instabilities. In the complex flow field of swirl flows often coherent flow structures or flow instabilities are present which interact with the flame. [1] [2] [3] These phenomena can lead to an unsteady heat release and thus provide the disturbances that are sufficient to excite combustion instabilities when the flame's heat release interacts with the acoustic field in the combustion chamber. The well-known Rayleigh-criterion 4 states that combustion chamber pressure and heat release must oscillate with a phase shift smaller than 90 in order to generate combustion instabilities. However, high pressure amplitudes with high pulsation levels are only possible, if the amount of energy transferred from the flame to the thermoacoustic pulsation exceeds the losses due to viscous effects and sound radiation. 5, 6 Therefore, it is of great importance to account for the losses when analyzing the stability of a combustor. This is also addressed in literature with extended formulations of the Rayleigh criterion 5 or with alternative Engler-Bunte-Institute, Division of Combustion Technology, Karlsruhe Institute of Technology, Germany formulations that quantify the energy feeding the combustion instability. 6, 7 Damping combustion instabilities is one method to ensure a safe combustor operation. This has been done successfully by active [8] [9] [10] [11] [12] or passive 13, 14 damping methods. However, since these methods have to be specifically adjusted to a given burner system, it would be preferable to avoid combustion instabilities by an adequate combustor design. Common approaches for the prediction of unstable combustor modes imply the determination of combustor transfer matrices and flame transfer functions [15] [16] [17] [18] [19] [20] [21] [22] [23] or acoustic analysis. [24] [25] [26] These approaches have proven to be able to predict unstable modes, but they are not yet able to account for all nonlinear effects induced by burner-burner interactions in multiple-burner systems, since they are mostly based on studies performed on single-burner combustors.
Only few investigations of combustion instabilities in multiple-burner arrangements can be found in literature, especially for flames that are not perfectly premixed. Hirsch and coworkers found significant differences between the flow field of a single-burner combustion chamber and an annular combustion chamber, which may result in differences between the flame transfer function in the single-burner combustor and the annular combustor. 27 Staffelbach et al. 28 observed a spinning mode in their Large-Eddy-Simulation of an annular combustion chamber. This mode forced longitudinal modes in every burner. Their simulation showed that all burners featured the same transfer function. In a recent work by Worth and Dawson, 29 it is documented that the nonlinear behavior of the thermoacoustic modes in a multiple-burner setup (MBS) is significantly influenced by the distance between the burners and the swirl direction of the adjacent swirl flows.
The combustor used for the investigations discussed in the present work is a modular combustor that can be set up in a single-burner setup (SBS) and in different MBSs. The design parameters of the combustor prevent large-scale flame-flame interactions in the combustor. The experiments presented in this article aim to complement the above mentioned investigations on multiple-burner configurations with emphasis on highly turbulent, swirl-stabilized partially-premixed flames. The objective is to investigate how the interaction of the swirl jets in the multiple-burner arrangements affects the thermoacoustic stability of the combustor in the absence of large-scale flame-flame interactions.
Measurements of pressure oscillations and highspeed OH*-imaging were performed for numerous operating points (OPs) with different thermal power and equivalence ratio for the SBS and two MBSs. In addition, experiments were conducted with different flame characteristics. The flame structure and shape were modified by varying the ratio of the mass flows through the swirlers of the double-concentric nozzle, which leads to changes in the overall swirl intensity. The acoustic behavior of all combustor geometries was investigated with 3D finite-element simulations using the commercial software COMSOL. The results of the experimental and numerical studies for the different combustor setups are compared and discussed.
Experimental methods

Design of the modular combustor
The combustor consists of a manifold for the doubleconcentric swirl nozzle and an optically accessible combustion chamber. The ratio of the cross section of the combustion chamber A cc to the cross section of the nozzle outlet A nz constitutes A cc /A nz ¼ 12.7. A cc is calculated with the hydraulic diameter of the combustion chamber d cc,hyd ¼ 89 mm. Figure 1 shows the combustor in SBS. The swirlers employ separate air inlets and the mass flow through each swirler is controlled independently. The inner swirler features a theoretical swirl number of S i,theo ¼ 0.46. The theoretical swirl number of the outer swirles constitutes S o,theo ¼ 1.02. The theoretical swirl numbers are calculated with the geometrical parameters of the swirlers according to Leuckel. 30 Natural gas (>90% methane) is used as fuel, which is injected into the air flow of the inner swirler through 60 circumferentially distributed holes. Perforated plates in both plenums ensure equally distributed flows at the swirler inlets. As shown in Figure 2 , in the first MBS four single burners are linearly aligned (multiple-burner setup 1, MBS1). In the second MBS (multiple-burner setup 2, MBS2), four burners are arranged in an ''annular'' arrangement ( Figure 3 ). However, the inner and the outer boundary of the combined combustion chamber are of quadratic shape. The ratio of the distance between the burner centerlines s and the diameter of the nozzle outlet d nz (¼ 25 mm) constitutes in both MBSs
In order to combine the combustion chambers of the single burners to one unified combustion chamber with multiple-flames, the quartz glass windows between the swirl flames are removed from the single-burner combustion chamber. In both MBSs, the plenums of the inner and outer swirlers are combined by connecting them at several openings. In the SBS, these openings are closed by caps.
Experimental setup
Pressure oscillations are measured inside the combustion chamber and in both plenums using microphone probes with Bruel & Kjaer pressure field microphones type 4192. The locations of the installed microphones are shown in Figure 4 . A small volume flow of nitrogen is sent through the microphone probe to prevent exhaust gases from entering the probe.
The OH*-chemiluminescence of the flame was recorded with an intensified LaVision HighSpeedStar 5.1 CMOS camera and a band-pass filter (308 nm). The recording frequency constituted between 4 and 8 kHz, dependent on the operating conditions. The shown images display integrated values along the line-ofsight. In the MBS1, the OH*-chemiluminescence of one of the inner flames was recorded. For the recordings of the flames in the MBS2 the camera was put at an angle of ca. 40 , in order to be able to differentiate between the OH*-chemiluminescence of two neighboring flames.
Influence of the swirler air mass flow ratio L
In order to obtain different flame characteristics the ratio L of the mass flows through the swirlers was varied. The definition of L is the following
where _ m os denotes the mass flow through the outer swirler and _ m is denotes the mass flow through the inner swirler. At a value of L ¼ 1.6, the pressure drops over both swirlers of the nozzle are approximately equal. Experiments were conducted with three different mass flow ratios: L ¼ 1.6, L ¼ 1.2, and L ¼ 2.0. Because the swirlers do not feature equal theoretical swirl numbers, a change of the swirler mass flow ratio also leads to a change of the global theoretical swirl number. The global theoretical swirl numbers corresponding to the different swirler mass flow ratios were calculated according to the proposal by Kerr and Fraser. 31 For L ¼ 1.6, the global theoretical swirl number constitutes S theo ¼ 0.78. Decreasing L to a value of L ¼ 1.2 results in a reduced swirl number of S theo ¼ 0.7, whereas at L ¼ 2.0, the theoretical swirl number attains a value of S theo ¼ 0.83. Figure 5 illustrates for the MBS1 at P th ¼ 100 kW (thermal power) and ¼ 0.7 (equivalence ratio) that the swirler air mass flow ratio has a significant impact on the flame shape. The increase of L and the hereby increased swirl intensity leads to a wider and shorter flame, which is most likely caused by a wider inner recirculation zone (IRZ) and increased mass flow recirculation rates on the central burner axis. However, the observed differences in the flame shape may also be partially induced by the influence of the swirler mass flow ratio on the distribution of the momentum fluxes, since a change of the swirler mass flow ratio also results in changes of the bulk velocities at the swirler outlets.
Results and discussion
The ratios A cc /A nz and s/d nz are comparatively high; therefore the flames in the MBSs do not show largescale flame-flame interactions. However, it is observed that operating the swirl flames in the multiple-burner setups MBS1 and MBS2 has a significant impact on the lean blow out limit, the overall noise emissions and the typical combustor modes. This is elucidated in detail in the following sections.
In ''Overall sound pressure levels and lean blow out limits'' section the influence of the MBS on the global noise emissions and the lean blow out limit is illustrated. In ''Typical combustor modes in the SBS and the MBS'' section the typical combustor modes associated with the maximum overall sound pressure levels in the SBS and the MBSs are depicted. The combustor modes are further analyzed in ''Discussion of the modes at selected operating conditions'' section by discussing the performed numerical calculations, the results of the pressure oscillations measurements in the swirler plenums and the recorded high-speed images of the OH*-chemiluminescence.
Overall sound pressure levels and lean blow out limits
The MBSs generally show lower overall sound pressure levels (OASPL, L p ) in the combustion chambers at L ¼ 1.6, as depicted in Figure 6 for P th ¼ 15-30 kW/ 60-120 kW and ¼ 0.6-0.85. The white triangles indicate the OPs of the performed experiments. The values between the OPs are derived by data triangulation.
In the SBS, the OASPL strongly augments in the range from P th ¼ 22.5 kW to P th ¼ 30 kW with increasing equivalence ratio. At P th ¼ 30 kW, ¼ 0.85, the maximum L p of 156 dB is reached. In the MBSs, the OASPLs also strongly augment in the range of P th > 100 kW. The OASPL peak values in the MBS1 and the MBS2 are approximately equal (154 dB) and lower than in the SBS. Similar to the SBS, the maximum OASPLs in the MBSs are observed for the maximum thermal power. However, in contrary to the SBS, the peak values are not reached at ¼ 0.85 but at ¼ 0.75 (MBS1) and ¼ 0.8 (MBS2). Especially in the range of P th < 120 kW, the OASPLs in the MBSs are significantly lower than in the SBS, as illustrated for ¼ 0.8 in Figure 7 . The interaction of the swirl jets also affects the lean stability limit of the flame. For the SBS, stable flames can be observed for all investigated OPs, whereas in the MBS1 the lean stability limit is exceeded for < 0.65 in the range of P th ¼ 80-120 kW. The MBS2 can only be operated at ¼ 0.6 for P th ¼ 120 kW. In the MBSs, the blow off of one flame was considered as the lean blow out of the whole combustor.
Typical combustor modes in the SBS and the MBS
The strong increase in the OASPL for P th > 25 kW/ 100 kW observed in all combustor setups is caused by several self-excited unstable combustor modes. One major combustor mode, which is observed in the SBS as well as in the MBSs, is found in the frequency range around 400 Hz (Figure 8 ). At P th ¼ 100 kW, the maximum amplitude of the mode at 400 Hz is significantly smaller in the MBSs than in the SBS. This, however, changes at P th ¼ 120 kW, where the mode at 400 Hz shows amplitudes which are comparable to the SBS or even higher than in the SBS for ¼ 0.7-0.85.
The pressure spectra in Figure 8 also illustrate the reason for the lower OASPLs in the MBSs. For frequencies >500 Hz, the pressure amplitudes are generally lower in the MBSs. In addition, an unstable mode around in the frequency range of 700 Hz is observed in the SBS for equivalence ratios around ¼ 0.85 that is not found in the MBSs. The amplitudes of the unstable modes at 400 and 700 Hz are strongly reduced in leaner flames. In contrary to the SBS, decreasing the equivalence ratio to values around 0.65 frequently leads to the excitation of intense low-frequency pressure modes in the frequency range around 200 Hz in the MBSs, as observable in the spectrum of the OP P th ¼ 120 kW, ¼ 0.65.
The lower pressure amplitudes and OASPLs in the MBSs indicate an increased dissipation of acoustic energy due to viscous effects. The swirl flows of the single-burners feature the same swirl direction, which probably induces increased strain rates in the flow region between the single-burner segments and in turn results in an enhanced viscous damping of acoustic oscillations. This may also be the reason why unstable modes in the MBSs only develop at relatively high thermal powers.
The frequencies of the major combustor modes in all combustor setups are only slightly affected by a change in the equivalence ratio at constant thermal power. Thus, the frequencies are not dependent on the bulk velocity, which suggests that the unstable modes are excited by acoustic eigenmodes of the combustion chamber or the plenums. However, as already mentioned, a variation of the overall air and fuel mass flow rate influences the amplitudes of the combustor modes. Figure 9 shows the amplitudes of the observed modes over Reynolds number (Re) at P th ¼ 25/100 kW and P th ¼ 30/120 kW for ¼ 0.65-0.85, L ¼ 1.6. The values are calculated with the bulk velocity at the nozzle outlet for T ¼ 293 K at p ¼ 1 bar. Dependent on the overall mass flow rate and equivalence ratio, the unsteady heat release of the flame ''locks on'' to the different acoustic modes, similar to the findings reported in Chakravarthy et al. 32 In the SBSs, the curves for P th ¼ 25 and 30 kW show a similar dependency between Re and amplitude. For low Reynolds numbers, high amplitudes are observed for both the 400-Hz mode as well as the mode at 700 Hz. However, the mode at 700 Hz is clearly the dominating one. For higher values of Re, a transition between the instabilities at 700 and 400 Hz is observed; the 400-Hz mode then represents the dominating oscillation. At pressure amplitudes >140 dB also the harmonic modes at 800 Hz are excited. The amplitude of the 400-Hz mode diminishes again with increasing Re and approaches the amplitude of the mode at 700 Hz. A variation of the fuel mass flow rate can cause a mode switching (at Re ¼ 34,000) or to a very strong augmentation of the peak pressure amplitude at 400 Hz (at Re¼ 36,000).
In the MBSs at P th ¼ 100 kW, the amplitude of the 400-Hz mode decreases continuously with increasing Re. An increase of the fuel mass flow results at almost constant air mass flow rate/Reynolds number (Re ¼ 34,000/36,000) in a strong augmentation of the amplitude of the 400-Hz mode at P th ¼ 120 kW and even to the excitation of higher harmonic modes. At higher Reynolds numbers, the amplitude of the 400 Hz slightly augments in the MBS1 and remains almost constant in the MBS2, but the amplitude of the harmonic modes at 800 Hz diminishes. A further increase of the Reynolds number results in a transfer of the acoustic energy to the low-frequency modes at 200 Hz. In the MBS2, the transition between the 400-Hz mode and the 200-Hz mode takes place at lower values of Re.
The differences in amplitude and frequency of the modes between the SBS and the MBSs clearly illustrate that the thermoacoustic behavior of the combustor is influenced by the combustor setup. Possible reasons for the observed differences are discussed in ''Discussion of the modes at selected operating conditions'' section.
Discussion of the modes at selected operating conditions
In this section, the influence of the multiple burner arrangements on the thermoacoustics of the combustor is further analyzed by discussing the high-speed images of the OH*-chemi luminescence and the results of the pressure oscillations measurements in the swirler plenums and the COMSOL calculations. This is done by focusing on two OPs (Table 1 ) at which the combustor shows the main combustor modes discussed in the previous section. Pressure and OH*-intensity oscillations in SBS and MBS1 at OP1. Figure 10 shows the average OH*-chemiluminescence of the flame at OP1, L ¼ 1.6 in the SBS and the MBSs. The area of high OH*-intensity in the SBS is much broader and almost expanded over the whole width of the combustion chamber. This indicates that the angle of the swirl jet is wider in the SBS than in the MBSs. Due to the camera angle, a direct comparison of the average OH*-intensity recorded for the MBS2 with the other combustor setups is not possible. However, it is visible that the flame in the MBS2 resembles the flame in the MBS1.
As discussed in ''Typical Combustor Modes in the SBS and the MBS'' section, the pressure spectrum of the SBS and the MBSs show different dominant modes at OP1, L ¼ 1.6 ( Figure 11 ). The peaks in the OH*spectra and the pressure spectra of the swirler plenums match with the peak frequencies of the pressure in the combustion chamber in all combustor setups. The frequency-averaged OH*-images ( Figure 12 ) illustrate the flame oscillation at 750 Hz in the SBS. The flame shows a slight periodic expansion toward the combustion chamber outlet; no propagation toward the nozzle outlet is observed.
In the MBSs, the OH*-intensity oscillations are absolutely dominated by the modes at 400 Hz. This makes it possible to visualize the modes by frequencylocked averaging of the OH*-images (Figures 13 and  14) . The flame oscillations in the MBS1 and the MBS2 look similar, as in both MBSs the flame periodically changes its shape by propagating toward the nozzle and the walls of the combustion chamber. The area of high OH*-intensity shows intense periodic variations, which indicates high oscillations of the heat release.
The spectra of OP1 show harmonic heat release and pressure oscillations for the 750-Hz instability (375/ 750 Hz) as well as for the 400-Hz instability (MBS1: 410/820 Hz, MBS2: 402/804 Hz). These can be associated to nonlinearities in the heat release term as given in Kok and de Jager. 33 The nonlinearities are most certainly caused by nonlinearities in the combustion process, since in this case the relevant ratio for the occurrence of nonlinearities is the ratio between the amplitude of the velocity fluctuations and the mean velocity and not the ratio between the amplitude of the velocity fluctuations and the sound speed. 34 It is evident that in the present setup the amplitude of the velocity oscillations do not reach the order of magnitude of the sound speed. Selected high-speed snapshot of the OH*-intensity show the formation of ring-vortex structures which form periodically with the dominant OH*-intensity frequencies ( Figure 15 ). These ring-vortex structures have already been reported for swirl flames in Ku¨lsheimer and Bu¨chner 15 and Lohrmann et al. 16 The unstable modes at 400 and 750 Hz are therefore driven by in-phase oscillations of the combustion chamber pressure and the impulsive heat release oscillations induced by the ring-vortices. The oscillating combustion chamber pressure modulates the oscillation of the mass flow rate of the fuel-air-mixture into the combustion chamber, which closes the feedback loop of the instability. An estimation of the Helmholtz-Resonator frequency f HR of the single-burner combustion chamber suggests that the 750-Hz instability in the SBS is associated with the Helmholtz resonance of the combustion chamber. Neglecting the influence of the combustor plenum and assuming a mean temperature in the combustion chamber of 2072 K (equilibrium temperature), the Helmholtz resonator frequency f HR of the singleburner combustion chamber can be assessed by the following equation. 35
In equation (2), c is the speed of sound, V is the volume of the combustion chamber, and S is the cross section of the combustion chamber outlet. The equivalent neck length l n,eq was estimated with the common expression l n,eq ¼ l n þ 0.25pd n , with l n being the length and d n the diameter of the combustion chamber outlet. Equation (2) gives a value of f HR ¼ 772 Hz (at 1 bar) for the Helmholtz resonator frequency, which is in the same frequency range as the 750-Hz instability. Because the volume and the diameter of the outlet of a single combustion chamber sector in the MBSs and the combustion chamber of the SBS are almost identical, the Helmholtz resonator frequencies of the combustion chambers should be in the same range in the SBS and the MBSs.
The pulsating flame oscillation and its periodic movement toward the nozzle outlet at 400 Hz and the high pressure amplitudes around 400 Hz in the swirler plenums suggest that the 400-Hz mode is sustained by longitudinal acoustic eigenmodes of the plenums.
In order to verify the made assumptions and to investigate whether the observed differences in the thermoacoustic activity between the setups may be caused by different eigenmodes, 3D finite-element simulations were performed for all combustor setups with the acoustics module integrated in the commercial software COMSOL. It allows for investigating the acoustic behavior of a given geometry by solving the Helmholtz equation. In the performed simulations, the unsteady heat release of the flame was neglected and a uniform temperature field (T ¼ 2072 K) was imposed in the combustion chamber. The temperature in the plenums was set to a constant value of 293 K. The fuel supply was neglected in the simulations; it was assumed that it has only minor influence on the acoustics of the whole system, since the acoustic coupling is small due to the small cross sections of the injection holes. Nonreflecting boundary conditions (for plane waves) were imposed at the inlets of the plenums. The outlet of the combustion chamber was modeled to be acoustically open end (p 0 ¼ 0). The acoustic impedance of the perforated plates was modeled with the model implemented in COMSOL, which is based on Bauer 36 and also takes into account effects of mean flow.
In order to assess the acoustic response of each setup an acoustic monopole source was placed in the center of the combustion chamber (one in every combustion chamber sector in the MBSs), which generates a uniform sound field in all directions. A frequency sweep was performed in steps of 10 Hz for the frequency range 50-900 Hz. Figure 16 shows the obtained spectra in the combustion chambers. The pressure amplitudes are normalized with the maximum pressure amplitude in the combustion chamber of the single-burner. The acoustic response spectra as well as the resonance frequencies of the combustion chambers are very similar in all combustor setups ( Figure 16 ). The resonance around 780 Hz corresponds to a Helmholtz resonator oscillation, as the pressure oscillates uniformly in the combustion chamber. A calculation of the acoustic eigenfrequencies with COMSOL also shows the Helmholtz resonator mode (Figure 17 ). In order to account for the equivalent neck length, the length of outlet of the combustion chamber outlet was increased by 0.125pd n in the COMSOL model. Figure 16 also shows the ratio of the pressure amplitude in the inner and the outer plenum to the pressure amplitude in the combustion chamber. The spectra show almost identical resonance curves for the inner and the outer plenum for all combustor setups. The strong acoustic response of the outer plenum around 270 Hz is associated to an eigenmode at the same frequency, which can also interpreted as Helmholtz mode. This is also the case for the eigenmodes at 110 Hz in the inner plenums that lead to the strong acoustic responses in this frequency range. The swirlers act as the resonator necks for the oscillations. In addition, eigenmodes are found in the inner plenums at frequencies around 520 Hz, which correspond to standing waves and are also visible in the response spectra.
The results of the simulations clearly illustrate that the acoustic responses of the different combustor geometries to acoustic excitations in the combustion chamber are very similar. However, several significant simplifications were made, as the effects of the unsteady heat release and the mean flow are not included. The turbulent flow may lead to complex interactions of the modes in the plenums and the combustion chamber that lead to the numerous peaks observed in the experimentally obtained pressure spectra, which cannot be captured by the performed simulations. Also the proper modeling of the acoustic impedance of the perforated plates in an unsteady flow field remains an issue, as it can have significant influence on the frequency and the amplitude of thermoacoustic modes. 37 However, the results of the simulations clearly indicate that the absence of the 750-Hz mode in the MBSs is not induced by differences in the acoustic response of the combustion chamber or the plenums, but by differences in the flame response spectrum. In the SBS, the flame forces the Helmholtz mode in the combustion chamber at 750 Hz, whereas in the MBSs, the flames forces acoustic eigenmodes of the plenums. The calculated frequencies of the eigenmodes do not coincide with the frequency of the thermoacoustic mode at 400 Hz, which does not necessarily have to be the case, as reported by Sto¨hr et al. 38 for a similar combustor.
As discussed in Fanaca et al., 27 significant differences between the combustion chamber flow fields in the different combustor setups can be expected, which may affect the flame response characteristics. Based on the results reported in Fu et al., 39 Hirsch et al. explain the observed differences in the flow field between the singleburner combustor and the annular combustor with different flow regimes of the swirl jet in the single-burner combustion chamber and the annular combustion chamber. Depending on the ratio A cc /A nz and the effective swirl number, a swirl jet is either in the ''free jet'' or the ''wall jet'' regime. If the ratio A cc /A nz is sufficiently high, the flow field in the combustion chamber resembles the one of a free swirl jet. When the ratio A cc /A nz is decreased to a critical value, the swirl jet angle increases significantly and attaches to the wall.
The swirl flow has switched from the ''free jet'' into the ''wall jet'' regime. The wall jet features a wider IRZ combined with smaller outer recirculation zones. The critical value of the ratio A cc /A nz increases with the effective swirl number. Hirsch et al. conclude that the swirl number of the swirl jets in the annular combustion chamber is reduced due to the exchange of momentum between the adjacent swirl jets. These have opposite swirl directions with respect to the axis of the jet considered, which reduces the angular momentum Fux entrained in the outer recirculation zones of the swirl flow. Thus, the swirl jets in the annular combustion chamber switch to the free jet regime for lower values of the ratio A cc /A nz . As a consequence, a swirl jet can be in the wall jet regime in the single-burner combustion chamber and in the free jet regime in the annular combustion chamber for the same ratio A cc /A nz.
Based on these observations it can be concluded that the differences in the flame response characteristics in the SBS and the MBSs are caused by different regimes of the swirl jets. The swirl flow in the SBS is in the wall jet regime, whereas the swirl flows in the MBSs are in the free jet regime due to the reduced swirl intensity. This assumption is corroborated by the comparison of the pressure spectra for L ¼ 1.2, 1.6, 2.0 in Figure 18 . The spectra of the SBS at L ¼ 1.6 and L ¼ 2.0 show approximately equal peak frequencies with the highest peak at 750 Hz. At L ¼ 1.2, however, the peak pressure amplitude switches to a frequency of 407 Hz. Therefore, the spectrum of the SBS at L ¼ 1.2 resembles the spectra of the MBSs. In the MBSs, the pressure oscillations in the combustion chamber are only slightly affected by the change of L. The results indicate that, due to the reduction of the theoretical swirl number at L ¼ 1.2, the swirl flow in the SBS switches to the free jet regime, whereas the swirl flows in the MBSs are in the free jet regime for all swirler mass flow ratios. As a consequence, the thermoacoustic flame response in the SBS is more comparable to the MBSs at L ¼ 1.2. This is also corroborated by the SBS-spectrum of the OH*-intensity at OP1, L ¼ 1.2 (Figure 19) , as it shows one distinct dominant frequency at 407 Hz. Ring-vortices are observed which form with the dominant OH*frequency. The flame oscillation is similar to the one observed in the MBSs at L ¼ 1.6, as illustrated by the frequency-averaged high speed images in Figure 20 .
The results indicate that the differences between the SBS and the MBSs in the frequencies of the unstable modes at OP1 are mainly caused by different flow regimes of the swirl jets in the SBS and the MBSs.
These are induced by the exchange of momentum between the adjacent swirl jets in the MBSs. The influence of the momentum exchange is further discussed in the next section, where the results for OP2 are analyzed.
Pressure and OH*-intensity oscillations in the SBS and the MBSs at OP2. The results for OP2 indicate that the differences in the combustor dynamics between the SBS and the MBSs are not only caused by different flow regimes of the swirl jets. In the SBS, the swirl jet probably switches from the wall jet regime to the free jet regime due the reduction of the swirler mass flow ratio from L ¼ 1.6 to L ¼ 1.2, which leads to a damping of the mode at 400 Hz and a pressure spectrum that is more comparable to the MBS1 at L ¼ 1.6 ( Figure 21 ). However, in contrast to OP1, the MBS2-spectrum features a different dominant frequency (192 Hz) than the MBS1 (360 Hz) at L ¼ 1.6. In addition, the average OH*-intensity images for L ¼ 1.2 in Figure 22 indicate that the swirl jets in all combustor setups are in the free jet regime at L ¼ 1.2, but the pressure oscillations in the combustion chamber are different in each combustor setup. The spectrum of the SBS at L ¼ 1.2 shows a dominant frequency around 360 Hz, whereas in the MBSs low-frequency modes in the frequency range of 200 Hz are observed.
The fact that varying the swirl intensity in the different setups leads to less or more similar oscillations underlines the significant influence of the swirl intensity on the frequency and amplitude of the thermoacoustic oscillations in the combustor. Therefore the results indicate that the reduction of the swirl intensity in the MBSs caused by exchange of momentum between the swirl jets continuously affects the flame response spectrum.
The observed influence of the swirl intensity on the thermoacoustic response of the flame complies with the findings reported in Durox et al. 20 In this work, it is shown for a premixed swirl flame that decreasing the swirl number leads to a decrease of the peak frequency of flame's heat release response and increases the frequency-dependent phase between the heat release response and a mass flow rate oscillation at the nozzle outlet. For higher swirl intensities, the frequency range of increased flame responses shifts to higher frequencies and the flame response spectrum is more broadband. Accordingly, the swirl jet interaction in the MBSs leads to a shift of the frequency range of increased flame responses to lower frequencies than in the SBS for the same L. Since in the MBS2 all swirl jets have two adjacent swirl jets, the described effect is probably even more significant and shifts the frequency range of high flame responses to even lower frequencies than in the MBS1. This explains the increased amplitudes of the low-frequency pressure oscillations in the MBS2 at OP2.
Modal analysis using COMSOL was also performed for all combustor setups for OP2, in order to verify that the different operating conditions at OP2 do not lead to a significantly different acoustic behavior of the combustor geometries. In comparison to the calculations performed for OP1 only the imposed temperature in the combustion chambers is changed, which was set to value of 1850 K (equilibrium temperature at ¼ 0.7). The spectra of Figure 23 clearly show that the acoustic behavior of the combustor geometries is similar to that of OP1. Only the Helmholtz resonator frequency changes because of the lower temperature in the combustion chamber to values around f ¼ 740 Hz. Equation (2) gives a value of f ¼ 730 Hz. Again, the different geometries show very similar acoustic responses to acoustic excitations in the combustion chamber.
The results of the high-speed OH*-chemiluminescence recordings at OP2, L ¼ 1.2 agree with the results of the microphone measurements. Similar to the spectra of the pressure oscillations, the OH*-intensity spectra of the SBS and the MBSs show significant differences at L ¼ 1.2 (Figure 24 ). In contrary to the spectra of the MBSs, the spectrum of the SBS is rather broadband and shows several dominant frequencies at 360, 400, and 620 Hz in the spectra of pressure and OH*intensity in the combustion chamber. The spectra of the MBSs show distinct dominant frequencies in the range of 200 Hz, with matching peak frequencies for pressure and OH*. The OH*-intensity oscillation is more intense in the MBS2 than in the MBS1. Slight deviations between the peak frequencies in the OH*-intensity spectrum and the p 0 rms -spectrum are caused by small temperature differences in the combustion chamber, since the measurements were not performed simultaneously.
The peak frequencies in the spectra of the plenums match with that of the combustion chamber. The high pressure amplitudes at 200 Hz in the inner plenums in the SBS and the MBSs suggest the presence of natural frequencies of the inner plenums in this frequency range. In the MBSs, the flame oscillation couples with the eigenmodes which results in the excitation of the observed low-frequency modes. Figure 25 shows the oscillation cycle of OH*-intensity oscillation at 190 Hz in MBS1. From ' ¼ 0 to ' ¼ 225 , the flame contracts and becomes shorter, while at ' ¼ 108 , the OH*-intensity also starts to decrease. Starting at ' ¼ 225 , the OH*-intensity increases again and the flame becomes longer. As shown in Figure 26 , the flame oscillation in the MBS2 at 195 Hz resembles the one in the MBS1. The flames periodically propagate upstream toward the nozzle outlet. The shape of the flame changes from a longer and more stretched flame at ' ¼ 0 to a wider and shorter flame at ' ¼ 180 . The high-speed OH*-recordings show that the low-frequency modes in the MBSs are characterized by the formation of ring-vortices ( Figure 27 ), which indicates intense oscillations of the mass flow rate.
The results for OH*-intensity oscillations at OP2 at L ¼ 1.2 in the SBS and the MBSs corroborate the assumptions made at the beginning of this section, since the decrease of the swirl intensity in the MBS1 and the MBS2 caused by the momentum exchange between the swirl jets results in higher flame responses at lower frequencies, as indicated by the OH*-intensity spectra and the low-frequency ring-vortex formation. The results for OP2 indicate that the multiple-burner 
Conclusions
The present work focuses on the experimental investigation of combustion instabilities in a modular combustor that can be operated in SBS-and different MBSs. The investigated combustor provides the possibility to modify the flame characteristics, as the mass flow through the swirlers of the double-concentric swirl nozzle is controlled independently. Decreasing the ratio of the mass flow through the outer swirler and the mass flow through the inner swirler results in a lower theoretical swirl number, which leads to longer and narrower flames. Results of measurements of pressure oscillations and high-speed OH*-chemiluminescence images are discussed for the SBS and two MBSs. The pressure spectra show significant peaks for all combustor setups that indicate the presence of self-excited combustion instabilities.
The measured OASPLs are generally higher in the SBS, especially in the range of thermal powers of 15-25 kW (SBS) and 60-100 kW (MBSs). Unstable modes with high pressure amplitudes can be observed in the SBS at lower thermal powers than in the MBSs. It is concluded that this is possibly caused by an enhanced viscous damping of acoustic oscillations in the MBSs which is induced by interactions of the adjacent swirl jets in the multiple-burner arrangement.
The investigated combustor setups show different thermoacoustic modes for equivalent operating conditions. In order to verify if these differences are caused by different acoustic eigenmodes, 3D finite element simulations were performed with the commercial software COMSOL. The simulations show an almost identical acoustic behavior of all three investigated combustor setups. Therefore the experimental and numerical results indicate that the interaction of the multiple swirl jets the MBSs influences the thermoacoustic flame response spectrum. This is corroborated by the observation that lowering the swirl intensity in the SBS can lead to a thermoacoustic flame response that is more comparable to the MBSs.
Based on these findings and the discussion in Durox et al. 20 and Fanaca et al., 27 we conclude that the observed differences in the combustor dynamics between the investigated combustor setups are caused by different thermoacoustic response spectra of the flames, which in turn result out of different swirl intensities. In the MBSs, the swirl intensity is reduced compared to the SBS, due to the exchange of momentum between the adjacent swirl jets. In the MBS2, this effect is intensified compared to the MBS1, since in the MBS2 each swirl jet has two adjacent swirl jets. The reduction of the swirl intensity leads to a shift of the frequency range of high thermoacoustic flame responses to lower frequencies.
Thus, it can be stated that, even in the absence of large-scale flame-flame interactions, the arrangement of multiple flames in a combined combustion chamber can affect the thermoacoustic stability characteristics of a combustor and lead to the excitation of different modes than in the corresponding single-burner combustor for equivalent operating conditions.
The results presented in this work also illustrate that the way in which the multiple flames are arranged can have a significant impact on the thermoacoustic stability. In the investigated combustor, the burner arrangement influences the level of swirl jet interaction, which can result in different amplitudes and/or frequencies of unstable modes for different kinds of burner arrangements.
The discussed findings have to be considered when designing single-burner combustors with the purpose to model and investigate the thermoacoustic stability of the corresponding MBS. 
